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The present study addresses the prediction of apple tree development, taking into account both the number and
within-tree position of tree components. The architectural development of two trees per scion cultivar, `Fuji' and
`Braeburn', was studied by describing all shoots over 6 years. Flowering and fruiting were observed over
3 years. The description included different scales [entire trees, axes, growth units (GUs) and metamers], and the
analysis compared all axes of the trees as a function of their branching order and age. Three main aspects of
vegetative development were investigated: the quantity of primary growth; the number and nature of developing
axillary shoots; and meristem death. Results con®rm the existence of within-tree morphological gradients, and
show that the decrease in growth was comparable in magnitude for all axes and GUs, irrespective of their
position. This decrease results from a reduction in the number of metamers per GU, which was modelled by an
exponential function. The decrease in growth involved changes in the number and nature of the axillary shoots,
which could be described by simple functions. The probability of spur death was constant over the years but
differed according to cultivar and type of bearing shoot. The within-tree probability of ¯owering and fruiting
was predictable for `Braeburn' because axes, regardless of their position and type, had a high probability of
¯owering and a low probability of fruit set which led to a regular bearing habit. In contrast, `Fuji' had an
alternating bearing behaviour that was more complex to predict. This appeared to result from a synchronized
increase in the probability that all GUs at tree scale are ¯oral, combined with a high probability of fruit set. The
consequences of these results for both yield prediction and architectural simulations are discussed.
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INTRODUCTION

Apple tree production has been studied extensively from
both quantitative and qualitative points of view. Tree and
orchard productivities have been investigated in relation to
many agronomic factors such as training systems, root-
stocks and crop management practices. Within-tree fruit
position has been demonstrated to have a marked effect on
fruit size and maturity. Spatial and topological fruit
locations have been investigated: (1) in relation to spatial
coordinates (x, y, z); and (2) fruit position with regard to
other plant components in the branching system. On one
hand, the effect of spatial position on fruit colour has been
interpreted as being a result of the light environment
(Robinson et al., 1983; WuÈnsche et al., 1996). On the other
hand, the effect of topological position on fruit quality
(especially its size and sugar content) has been interpreted
as being the result of competition between organs for
resources produced by physiological processes occurring
simultaneously. In particular, fruiting and vegetative growth
have often been considered as antagonistic processes

(Jackson and Palmer, 1977; Evequoz et al., 1982).
However, prediction of fruit production in these studies
was based on total fruit weight per tree as correlated with
trunk cross-sectional area (Robinson and Lakso, 1991), or
with regard to the type of shoot produced (Tustin et al.,
1988; Volz et al., 1994). No predictions have yet been made
of the within-tree fruiting position.

In annual plants, the amount of crop produced can be
predicted from the development of individual plants and
responses to environmental conditions (Gauthier et al.,
1999; Noffsinger et al., 2000). Such detailed predictions
have yet to be developed for perennial plants, probably
because of their structural complexity, which increases with
time. Despite this, quantitative analyses of the architecture
of several perennial species have shown that vegetative and
¯oral shoot development is linked to its position in the tree
(de Reffye et al., 1991b; BartheÂleÂmy et al., 1997). The link
between shoot development and position has been described
as `architectural gradients' and has been used to simulate
plant development by the use of the reference axis concept
(de Reffye et al., 1991a; Blaise et al., 1998). As yet, the
existence of architectural gradients has not been quanti®ed
in the apple tree. In addition, previous studies that have
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addressed the architectural development of fruit trees have
not been able to predict productivity in terms of fruit
number or position.

From a qualitative point of view, the architectural
development of the apple tree results from rhythmic growth
and monopodial branching until the apical meristem
differentiates into an in¯orescence (CrabbeÂ, 1984). At that
stage the morphogenetic activity of the meristem termin-
ates. Several previous studies have described ¯oral
differentiation in the apple tree (Abbott, 1970, 1977;
Luckwill, 1974). This occurs in the resting buds, either in
terminal or axillary positions on 1-year-old wood. Thus, the
¯oral growth unit (GU) that develops from the resting bud is
a mixed unit composed of vegetative organs in its proximal
part and ¯oral organs in its distal part. This ¯oral growth
unit, called a `bourse', usually bears an axillary vegetative
GU that develops immediately (without any resting period)
and is called a `bourse shoot' (Escobedo-Alvarez, 1990;
CrabbeÂ and Escobedo-Alvarez, 1991). Because of this
developmental pattern, the axes of the apple tree are made
up of successive sympodial units. Growth remains rhythmic
throughout tree ontogeny.

Quantitative investigations of plant architecture have
recently been facilitated by improvements in measuring
methodologies (Godin et al., 1997a, b; Hanan and Room,
1997; Sinoquet et al., 1997). These methods can be used to
build architectural databases in which all organs of a tree
can be located individually, without a priori sampling. In
the present study, a method which deals with multi-scale
descriptions of plant topology (Godin and Caraglio, 1998;
Godin et al., 1999) was used to investigate the develop-
mental rules of individual apple trees. The aim was to
predict vegetative development and the occurrence of
¯owering and fruiting within trees in relation to tree age
and shoot type, as well as to compare the type of shoot
development according to within-tree position. Therefore,
the multi-scale topology of entire trees, i.e. the number,
nature and relative position of tree components, was
described. Owing to the time taken to acquire these datasets,
only two trees per scion cultivar, `Fuji' and `Braeburn',
were described. The analysis focused on within-tree organ-
ization of the tree components and possible synchrony
between events.

MATERIALS AND METHODS

Plant material

Forty trees per scion cultivar `Fuji' and `Braeburn', grafted
on Lancep Pajamâ1 (type M9), were planted at Melgueil
INRA experimental station (south-east France) in two
blocks of 20 trees each, at 1´8 3 6 m spacing, in the winter
of 1994±1995. During the ®rst year of growth, trees were
trained in a vertical axis by selecting the long axillary shoots
along the main axis, which was maintained without pruning.
In spring 1997, long and medium shoots were bent
according to the `Solaxe' training system (Lespinasse and
Lauri, 1999). In June 1997, 1998 and 1999, young fruits
were thinned manually, removing all axillary fruits on
1-year-old wood. Architectural data were collected on two

trees per cultivar selected at random from each block of 20
trees. Fruit yields after thinning are given in Table 1 for
these four trees for 1998 and 1999 (years 5 and 6).

Tree topology

Two trees per cultivar were ®rst described in 1997, when
the trees were 4 years old. The method used, and the
simpli®cations and codes chosen to describe tree topology
have been described previously by Costes et al. (1999) and
Godin et al. (1999). In brief, each tree was broken down into
three levels of organization (Table 2; Fig. 1) corresponding
to the axes, growth units and metamers (as de®ned by
White, 1979). Two types of link between plant components
were considered: succession and branching, denoted by <
and +, respectively. Decomposition of a plant component
into smaller components de®ned at a ®ner scale was denoted
by / (Table 2). Three axis types were considered: long
shoots, brindles and spurs (labelled R, W and S, respect-
ively, in the database). All were pluri-annual and sympodial
axes. They were thus constituted of a succession of ¯oral
and vegetative GUs (examples of axis decomposition in
GUs are given on the right-hand side of Fig. 1). The
de®nition of these three axis types was based on their
composition in terms of GUs (Fig. 1): a long shoot is
constituted of at least one long GU; a brindle is constituted
of at least one medium GU but does not contain any long
GUs; and a spur is constituted of a short GU only.

Growth units were divided into four types: long GUs
(labelled U) more than 20 cm in length; medium GUs
(labelled B) more than 5 cm but less than 20 cm in length;
and short GUs (labelled S) less than 5 cm in length. The
fourth GU type corresponds to the ¯oral GU or `bourse'
(labelled I) that results from ¯oral differentiation of the
apical meristem. Bourse shoots can develop into short,
medium or long GUs, and were categorized in the same
manner as vegetative GUs. Thus, in spring, the three
vegetative GUs (long, medium and short) can develop either
from the terminal bud if this has not differentiated into a
bourse, or as a bourse shoot. Since the vegetative develop-
ment of these GUs did not depend on the presence of a
bourse (the difference was estimated to be less than 10 % on
average; data not shown), we did not distinguish between
these two categories in the rest of this paper.

Metamers were counted on the long and medium GUs
only. Bud scale scars and the metamers whose axillary buds

TABLE 1. Fruit yield after thinning of two `Fuji' and two
`Braeburn' trees

Number of fruit/TCSA (fruits cm±2)

Tree Year 5 Year 6

`Fuji'1 8´2 11´8
`Fuji'2 6´4 9´5
`Braeburn'1 9´2 13´7
`Braeburn'2 16´9 11´9

TCSA, Trunk cross-sectional area.
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were not visible to the naked eye were ignored. Final fruit
set was observed over three successive years: 1997±1999.
When a bourse bore a fruit, it was considered as a different
component, labelled F at the metamer scale.

In 1997, descriptions of each tree took 1 d; in 1998 and
1999, when the trees were 5 and 6 years old, 5±7 d were
required to describe one tree. The main dif®culty was the
visual identi®cation of each woody plant component

F I G . 1. Schematic representation of an apple tree trained with the Solaxe system showing the location of the different axes and growth units (GUs)
used for data extraction, sampling and statistical analysis. Examples of axes decomposition into GUs are illustrated on the right-hand side. The left-

hand side illustrates the relationship between axis age and branching order. O2, Order 2; O3, order 3; O4, order 4.

TABLE 2. Scales, class symbols, and topological relationships used to describe apple tree architecture

Scale Symbol Description / = Decomposition < = Succession + = Branching

1 Trees f `Fuji' tree R, W, S
b `Braeburn' tree R, W, S

2 Axis R Long shoot U, B, D, I R, W, S
W Brindle B, D, I W, S
S Spur D, I S

3 GU I Bourse E D, B, U
U Long GU (length > 20 cm) E I, D, B, U I, D, B, U
B Medium GU (5 cm < length < 20 cm) E I, D, B, U I, D, B
D Short GU (length < 5 cm) E I, D, B, U I, D

4 Metamer E Internode E, F E, F
F Fruit

GU, Growth unit.
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recorded in the previous database and the description of the
new growth both in axillary and terminal positions. New
lines corresponding to the newly developed shoots and new
variables were inserted into the database. This insertion was
partly done as a post-treatment of the database back in the
laboratory, and was partly automated using a MicroSoft
Visual Basicâ program.

Variable extraction

The architectural database was explored using
AMAPmod software (Godin et al., 1997a, b). Vegetative
components, bourses and fruits were counted and located
within the tree for each year of growth. The position of each
component refers to its branching order (with order 1
corresponding to the trunk, order 2 to axillary shoots along
the trunks, etc.) and to tree age, which also corresponds to
calendar years, denoted 1 to 6 (Fig. 1). In some particular
cases mentioned in the text, age refers to shoot age (which
also corresponds to the insertion rank along its bearer shoot
for a given branching order; Fig. 1). Axillary shoots that had
a sylleptic development along the trunk (i.e. feathers) or
along branches (which occurred only rarely) were not
considered in this analysis. Thus, axis age corresponds to the
year of growth of the bearer shoot minus one. To quantify
tree development, tree components were counted on the
three de®ned scales, taking into account their breakdown
into ®ner scales.

Tree scale. The total number of long shoots, brindles and
spurs was counted by selecting components at scale 2
according to their label, R, W or S, and their branching
order. The number of GUs, i.e. bourses and long, medium
and short GUs, was counted by selecting, for each tree and
each year, the components at scale 3 according to their label
(I, U, B, D).

Axis scale. Long shoots, brindles and spurs were grouped
together relative to their branching order and age (Fig. 1).
The different types of GU developing along the main
pathway of these axes were then counted relative to the
successive years of growth (Fig. 1). The probability of the
three vegetative GUs (long, medium or short) was inves-
tigated. Because their sum is equal to 1 (Fig. 2), only two
probabilities have to be calculated, the probability that a GU
is medium (denoted by p1) or long (denoted by p2).

For each year, the probability that a GU along the main
pathway would be ¯oral was calculated as the ratio between
the number of bourses and the total number of ®rst GUs that
developed that year at that position. Indeed, when they
develop, bourses are always the ®rst GU within the annual
shoots. After a bourse develops, a bourse shoot develops
almost systematically on long shoots and brindles, but in a
more variable manner for spurs. On spurs, the absence of a
bourse shoot led to the spur death (or `extinction' according
to Lauri et al., 1997). The probability of a spur remaining
alive was calculated for: (1) different types of bearing shoot
(long shoots or brindles), and (2) different positions and
spur ages within the trees and along the bearer shoots.

GU scale. The number of metamers per GU was counted
for each year of growth along axes and brindles. In the case
of rhythmic growth within a year of growth, the number of
metamers was summed. Branching was analysed for
successive GUs of axes and brindles grouped together as
previously described, according to branching order and age.
Only long and medium GUs were considered since spurs
usually produce only one new shoot (either terminal or a
bourse shoot). When two bourse shoots developed on the
same bourse, this was considered as a reiteration. For each
year of growth the number of developed axillary shoots was
compared with the number of metamers of the GU. The
proportion of the three axillary shoot types (long shoots,
brindles or spurs) was then calculated with reference to the
total number of axillary shoots.

Finally, fruit set was calculated as the percentage of
bourses bearing at least one fruit. In the same manner as
previously, three axis types were considered and sorted
according to their branching order and age.

Statistical analyses

All statistical analyses were performed using Statistica
software (Kernel version 5.1, StatSoft, Inc., Tulsa, OK,
USA). Owing to the small number of trees observed, results
on the tree scale were analysed qualitatively, and the
numbers of axes and GUs per tree were compared by
c2 tests. On the axis and GU scales, mean values for the
different variables (number of GU types, number of
metamers, number of axillary shoots) were computed.
Their changes over the years or according to within-tree
positions were ®tted as simply as possible using linear or
exponential regressions. Mean values were compared using
the non-parametric Kruskall±Wallis analysis of variance
since these variables were not normally distributed. In
addition, the experimental design did not allow us to study
interactions between the factors (axis type, branching order,
age, year of growth) since the number of shoots and GUs
were not similar for these different factors. Thus, each factor
was analysed separately, considering the other factors as
covariables in order to take account of, and suppress, the
possible interactions.

F I G . 2. Schematic representation of the different fates of a GU
developing from a resting bud. Because three possible types of vegetative
GU were considered, if p1 and p2 are, respectively, the probability that a
given GU becomes a medium GU or continues its development to
become a long GU, then: p(short GU) = 1 ± p1, p(medium GU) = p1(1 ±
p2) and p(long GU) = p1p2, with p(short GU) + p(medium GU) + p(long

GU) = 1.
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RESULTS

Tree scale

`Braeburn' trees produced about 30 % more axes than `Fuji'
trees (Table 3), mainly due to a larger number of spurs in
`Braeburn' trees, although `Fuji' trees developed more
brindles. The distribution of brindles and spurs per branch-
ing order differed between cultivars but the distribution of
long shoots did not differ signi®cantly. For both cultivars,
the number of long shoots reached a maximum at order 3,
while the number of brindles was maximal at orders 3 and 4
in `Braeburn' and `Fuji', respectively. For both cultivars,
spurs were more numerous when the branching order was
>3, being maximal at order 4. Compared with `Fuji' trees,
there were more spurs in `Braeburn' trees regardless of the
branching order, but particularly at orders 4 and 5.

In both cultivars, the mean number of long GUs per tree
increased from the ®rst to the fourth year of growth, then
decreased in years ®ve and six, whereas the number of
bourses and short GUs increased each year (Table 4). By
contrast, the number of medium GUs increased in
`Braeburn' trees until year 5, then decreased suddenly,
whereas their number increased until year 6 in `Fuji' trees.
The total number of short GUs per tree also differed
between the cultivars, being lower in `Fuji' than in
`Braeburn'. A similar difference was observed in the

number of bourses per tree, but the difference was less in
year 6. This suggests that entrance into productivity is
slower in `Fuji'.

Thus, the number of tree components and their develop-
ment within trees differed between the two cultivars:
`Braeburn' trees developed most of their long shoots and
long GUs over the ®rst 4 years of growth, with the number
being maximal at order 3; in `Fuji', growth was less intense
during the ®rst years of tree development, but continued
after year 4 with the development of medium GUs at higher
branching orders. Over 6 years, twice as many GUs were
produced on `Braeburn' trees than on `Fuji' trees.

Axis scale: bourse development

Along the main pathway of the three axis types, the
probability of GUs being ¯oral was higher in `Braeburn'
than in `Fuji' (Table 5). This was studied in relation to three
factors: (1) axis type, (2) branching order and (3) year of
growth. On both cultivars, long shoots and brindles had a
similar probability of being ¯oral. In `Braeburn', spurs were
more likely to be ¯oral than were long shoots or brindles,
whereas in `Fuji' spurs were less often ¯oral. Among the
total number of bourses per tree, those belonging to spurs
(also called axillary ¯owers) represented 81 and 72 % in
`Braeburn' and `Fuji', respectively (data not shown). Since

TABLE 3. Mean number of long shoots, brindles and spurs per tree (n = 2), according to branching order, on `Fuji' and
`Braeburn' apple trees

Branching order c2 test

Axis type Cultivar 1 2 3 4 5 6 Total (p)

Long shoots `Braeburn' 1 20 38´5 12´5 72
`Fuji' 1 17 30 15 3 66 0´845

Brindles `Braeburn' 0 18 102 97´5 33 3´5 254
`Fuji' 0 16 78 153 110 35´5 394 <0´001

Spurs `Braeburn' 0 52 570 963 616 117 2321
`Fuji' 0 30 447 542 387 89´5 1500 0´002

Total `Braeburn' 1 90 710 1073 649 120 2646
`Fuji' 1 63 555 710 500 125 1959

TABLE 4. Mean number of long, medium and short growth units (GUs) per tree (n = 2) according to the year of growth,
on `Fuji' and `Braeburn' apple trees

Year of growth c 2 test

GU type Cultivar 1 2 3 4 5 6 Total (p)

Long `Braeburn' 1 8 37´5 52 7 7´5 113 <0´001
`Fuji' 1 5´5 33 50 31 16 136´5

Medium `Braeburn' 0 1 55 166 237 96´5 555´5 <0´001
`Fuji' 0 0´5 35 83´5 167´5 243 529´5

Short `Braeburn' 0 9 111 482´5 960´5 1642 3205 <0´001
`Fuji' 0 4 26´5 237 608´5 804´5 1680´5

Bourse `Braeburn' 0 11 146´5 576´5 1115´5 1382 3231´5 <0´001
`Fuji' 0 2´5 32 185 238 799 1256´5
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long shoots and brindles had the same probability of being
¯oral they were grouped in the same category for further
analyses.

In both cultivars the probability of being ¯oral was
signi®cantly affected by tree age, shoot age and branching
order (Fig. 3A and B). In `Braeburn', irrespective of
whether tree age or axis age was chosen as the index, long
shoots and brindles exhibited a similar behaviour: the oldest
(5 and 4 years old), which began to develop when the tree
was less than 4 years old, had a relatively high initial
probability of ¯owering and this probability remained stable
in the following years. Some ¯uctuations were observed, but
their amplitude was low (the probability was always
between 0´7 and 0´95). By contrast, the 2- and 3-year-old
shoots that began to develop later, when the trees were 5 or 6
years old, showed a lower probability during their ®rst year
of growth. This was observed regardless of the branching
order (order 3 and 4). However, once these shoots were 2

TABLE 5. Probability of a GU being ¯oral, according to
axis type

Cultivar Long shoot Brindle Spur Cultivar effect

`Braeburn' 0´75b 0´76b 0´82a **
`Fuji' 0´55a 0´58a 0´46b

Within rows, different superscript letters indicate signi®cant
differences according to the Kruskall±Wallis non-parametric test (P <
0´05).

** indicates signi®cant effect of the cultivar according to the same test
(P < 0.01).

F I G . 3. Probability that a GU will become ¯oral, according to axis type on `Fuji' and `Braeburn' apple trees. The probability of the GU belonging to a
long shoot or brindle was considered according to shoot age (A) and tree age (B), while that of the GU belonging to spurs was considered according

to tree age only (C). O2, Order 2; O3, order 3; O4, order 4.

96 Costes et al. Ð Architectural Development of Apple Trees



years old, the probability increased and thereafter did not
differ from that of the older shoots.

`Fuji' trees showed different behaviour according to age
and branching order. On the one hand, when the shoots were
sorted according to age, they exhibited markedly different
and desynchronized behaviour (Fig. 3A). On the other hand,
when sorted according to tree age, similar and synchronized
behaviour was noted (Fig. 3B). As previously observed in
`Braeburn', the younger the shoot, the lower was its initial
probability of ¯owering. But the oldest long shoots and
brindles that began to develop when the trees were 2 and 3
years old had a relatively low initial probability of
¯owering. This probability increased until year 4. In year
5 a broad ¯uctuation in the probability of ¯owering was
observed. The same occurred in year 5 for both order 2 and 3
shoots. The new shoots developing when the trees were 5
and 6 years old had a lower initial probability of ¯owering
than older shoots. Their probability of ¯owering increased
in the following year of growth, but this increase was less
regular than that in `Braeburn'. Finally, considering all the
shoots in year 5, shoots showing a high ¯owering
probability in the previous year exhibited a low ¯owering
probability, with the exception of the oldest shoots which
maintained a high probability from years 4 to 6. In year 6 the
situation was reversed. These results highlight the alternat-
ing ¯oral behaviour of `Fuji' trees.

A similar difference between cultivars was observed for
the ¯oral behaviour of spurs (Fig. 3C). In `Braeburn', the
¯owering probability was close to 1 for all spurs, regardless
of their age and position. The probability was slightly more
variable for higher branching orders but remained high
(0´9±1 for order 2 spurs; 0´8±0´9 for order 3 spurs). By
contrast, the probability was fairly low for `Fuji' spurs
(0´1±0´5) over their ®rst years of growth and increased with
spur age. This increase was more rapid when the spurs were
located at higher branching orders. During the growth of the
oldest spurs much variation in ¯owering probability was
observed, synchronized with that of long shoots and
brindles. This indicates that the low ¯owering probability
observed in year 5 was a general feature of all shoots within
the trees, except the oldest long shoots.

Finally, these results highlight differences between
cultivars in terms of their ¯oral differentiation. In
`Braeburn', ¯oral differentiation was regular from the
second year of tree growth, and remained regular as the
shoot aged. The spurs ¯owered regularly from their ®rst
year of growth, regardless of their position. In `Fuji', axes
seemed to acquire ¯oral capability as the tree and shoot
aged, and this phenomenon was faster for the axes at higher
branching orders. Large variations in ¯oral probability of all
shoot types were observed as the axes aged. This variation
was synchronous for all axes in the tree.

Axis scale: vegetative GUs

Successive analyses focused on: (1) the proportion of the
three vegetative GU types along long shoots; (2) the
proportion of medium and short GUs along brindles; and (3)
the probability of the spurs remaining alive for different
bearing axes (long shoot or brindle) and spur ages.

In both cultivars, the proportion of vegetative GUs
depended on tree age (i.e. the year of growth) (Fig. 4A).
Consequently, probabilities p1 and p2 (the probability of a
GU being medium or long, respectively) were not constant
values but were related to tree age in `Braeburn' and to
shoot age in `Fuji'. In `Braeburn', long GUs were more
numerous during the ®rst 3 years of tree growth. In year 5,
the proportion of long GUs decreased drastically for all long
shoots within trees, i.e. regardless of their order and age.
This decrease was compensated by a proportional increase
in medium GUs, while the number of short GUs was fairly
stable or decreased (Fig. 4B and C). In year 6, the proportion
of medium GUs also decreased, while short GUs became the
most numerous in the trees. This evolution was similar and
synchronous for all long shoots, whatever their order and
age.

In `Fuji', the proportion of long GUs also decreased with
time, but the decrease was more gradual than that in
`Braeburn' (Fig. 4). This decrease was similar for all long
shoots in the trees, irrespective of shoot age. It was
proportionally compensated by the increase in medium
GUs, whereas the proportion of spurs remained constant
(Fig. 4B and C). The decrease in long GUs and the increase
in medium GUs were ®tted by linear regressions, whose
parameters were identical but reversed in sign (60´23). In
this case, given that the proportion of spurs is constant and
approximately equal to 0´11, it can be deduced that p1 = 0´89
and p2 » ±0´27a + 1´19, where a is tree age (in years), and
p2 = 0 when a > 5.

Along the brindles, the number of medium GUs also
decreased with tree age in `Braeburn' trees, and with shoot
age in `Fuji' trees (Fig. 4D). This decrease was compensated
by a corresponding increase in short GUs (data not shown).
In both cultivars, the higher the branching order, the more
rapid the decrease in medium GUs. In the same manner, in
year 6, all GUs were short in `Braeburn' while 20±30 %
were medium in `Fuji'.

The proportion of spurs remaining alive after ¯oral
differentiation was investigated according to their age and
bearing axis type (long shoot or brindle). This proportion
decreased exponentially with spur age in both cultivars,
regardless of shoot type (Fig. 5). The coef®cient of the ®tted
exponential function corresponds to the death probability
(or the absence of bourse shoot), which was constant over
the years. In both cultivars this probability was lower in
spurs borne on long shoots than on brindles. The two
cultivars differed in the probability of spur death, with spurs
dying more rapidly in `Fuji' than in `Braeburn', irrespective
of the bearing-shoot type.

GU scale: mean number of metamers per GU

The mean number of metamers was calculated for the
successive GUs of trunks and order 2 and 3 long shoots
(Fig. 6). Long and medium GUs, for which the number of
metamers was observed, were grouped together in these
calculations. In both cultivars, mean values decreased over
successive years along the trunks and shoots. Along the
trunks the GUs had a mean number of metamers that varied
from 50 to 60 in the ®rst year of growth, decreasing to an
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average of ten metamers in year 6. Along the long shoots,
the mean number of metamers per GU decreased over
5 years (from year 2 to year 6). After six years of growth,
none of the GUs contained more than an average of ten
metamers, in either `Fuji' or `Braeburn' trees. In both
cultivars, the mean number of metamers per GU in the

different shoots was remarkably similar, irrespective of their
order and age. Thus, the mean number of metamers that
developed per GU did not differ for shoots belonging to the
same branching order, but depended only on tree age.

The decrease in the mean number of metamers per GU
over time was ®tted by exponential functions, considering

F I G . 4. Probability of the successive GUs of long shoots being long (A), medium (B) or short (C) according to the year of growth and the location of
the shoot within the tree, on `Fuji' and `Braeburn' apple cultivars. D, Probability of the successive GUs of brindles being medium according to the
year of growth and the location of the shoot within the tree. The x-axis refers to the calendar years for `Braeburn' (year 1 being 1995) and to shoot
age for `Fuji' (year 1 corresponds to the ®rst year of growth of the shoot: 1995 if the shoot is 5 years old; 1996 if the shoot is 4 years old, etc.). O2,

Order 2; O3, order 3; O4, order 4.
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successively the trunks and long shoots. In both cultivars,
the mean number of metamers per GU could be predicted as
a function of tree age with a high r2 coef®cient (Fig. 6). The
exponential function coef®cient corresponds to the rate of
decrease in the number of developed metamers over the
years. During the ®rst 3 years of growth, the GUs of long
shoots of `Braeburn' showed a lower mean number of

metamers than those of the trunks. The trunk was thus
dominant throughout this period. By contrast, in `Fuji' trees,
the mean number of metamers per GU was similar on trunks
and long shoots over all 6 years of growth.

By de®nition, brindles contain only medium or short
GUs. The mean number of metamers per medium GU was
about ten (data not shown), irrespective of the branching

F I G . 5. Proportion of spurs that remained alive according to spur age, on `Fuji' and `Braeburn' apple cultivars. The bearing shootÐlong shoots (A) or
brindles (B)Ðwas considered according to its order and age. O2, Order 2; O3, order 3; O4, order 4.

F I G . 6. Changes in the mean number of nodes per GU along the trunk and long shoots of `Fuji' and `Braeburn' apple trees, according to their
branching order and insertion rank. O2, Order 2; O3, order 3; O4, order 4.
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F I G . 7. Proportion of axillary shoot types borne on successive GUs of long shoots, on `Fuji' and `Braeburn' apple cultivars. The proportion of long
axillary shoots (including both long shoots and brindles) is ®tted by an exponential function, the parameter of which represents the rate of decrease in

production of brindles and long axillary shoots.

F I G . 8. Fruit set probability of ¯oral GUs according to axis age and tree age (year of growth), on `Fuji' and `Braeburn' apple cultivars. * In the case
of `Fuji' spurs, a better prediction of fruit set probability was obtained with spur age than with tree age. O2, Order 2; O3, order 3; O4, order 4.
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order. As shown previously, the successive GUs are ®rst
medium and then rapidly become short. Since no count was
made of the number of metamers in the short GUs, it was not
possible to study the decrease in the mean number of
metamers along the brindles.

Branching: number and type of axillary shoots

These two variables were studied for successive GUs
along the trunks and long shoots, taking into account their
branching order and age. In both cultivars, a linear
relationship was found between the number of metamers
and the number of axillary shoots (data not shown). A
similar relationship accounted for long shoots at orders 2
and 3, and for trunks (r2 = 0´92 and 0´87 for `Braeburn' and
`Fuji', respectively). Thus, the year of growth and the
branching order had no direct effect on the relationship
between the number of metamers and the number of axillary
shoots. All of the variability due to the successive years of
growth was accounted for by the number of metamers per
GU.

In `Braeburn', 61 % of the metamers bore an axillary
shoot, whereas only 38 % of the metamers were branched in
`Fuji'. In addition, intersections of the linear regressions
with the x-axis showed that no axillary shoots were present
when the number of metamers was less than ®ve in
`Braeburn', and less than two in `Fuji'. Consequently, the
percentage of metamers bearing an axillary shoot decreased
from the centre to the tree periphery because of the increase
in the number of short GUs (data not shown).

To account for these results, the percentage of axillary
shoot types (long shoots, brindles or spurs) was calculated
for all long shoots, irrespective of their order or insertion
rank, but taking into account the year of growth (Fig. 7). For
both cultivars, and for all years of growth, spurs were the
most numerous axillary shoot type. Their percentage
increased until year 4, whereas that of long axillary shoots
and brindles decreased rapidly. Thus, the decrease in the
number of metamers per GU involved a modi®cation in
axillary shoot types. Indeed, the percentage of axillary buds
able to develop was constant when the GU contained more
than ®ve nodes, but the probability that a given axillary
shoot would continue to grow and develop into a brindle or,
later, into a long shoot, decreased with the number of nodes
of the bearing shoot. Thus, with the exception of a

reiteration process, the development of an axillary shoot
was equivalent to, or less than, that of its bearer. The
decrease in the cumulative number of long axillary shoots
and brindles was approximated by an exponential function.
The coef®cient of the exponential function corresponds to
the rate of decrease in the probability of an axillary shoot
being a brindle or long shoot. As previously observed at
other scales, axillary shoots are more frequent in `Braeburn'
than in `Fuji'.

Final fruit set

Mean ®nal fruit set was calculated for the 1997, 1998 and
1999 harvests. For both cultivars, shoot type and year of
harvest had a signi®cant effect on fruit set (Table 6),
whereas shoot branching order had no effect (data not
shown). In addition, regardless of the shoot type and year of
harvest, `Fuji' had a higher fruit set than `Braeburn'. Spurs
always had a lower fruit set than long shoots and brindles.
Because thinning had been performed preferentially on
1-year-old spurs, this category was removed when compar-
ing fruit set of the different shoot types; this did not alter the
results (data not shown). Fruit set in long shoots and
brindles was not signi®cantly different in 1998 but did differ
in 1999. In 1999, long shoots had a larger fruit set in both
cultivars.

In both cultivars, and both for long shoots and
brindles, the increase in fruit set over the years was ®tted
by a linear regression (Fig. 8). For each cultivar, the
parameters were fairly similar between long shoots and
brindles even though fruit set was more variable in brindles.
This variability was the reason why, in `Fuji', fruit set on
long shoots and brindles was not signi®cantly different in
1999. Spur fruit set increased linearly over the years in
`Braeburn', whereas that in `Fuji' seemed to depend on spur
age (this result requires con®rmation since 4-year-old spurs
were rare).

Considering all of the axillary shoots borne on a given
GU, irrespective of their type and age, the relationship
between the mean number of fruits and the mean number of
¯oral GUs can be approximated by a linear regression
(r2 = 0´97 and 0´92 for `Braeburn' and `Fuji', respectively;
data not shown). The slopes correspond to the probability of
fruit set, which was higher in `Fuji' than in `Braeburn'.

DISCUSSION

The present study allowed us to quantify how vegetative
growth, ¯owering and fruiting evolve within apple trees
over a time span of 6 years. Our data, showing a decrease in
vegetative growth with tree age, were consistent with
previous observations by other authors (Abbott, 1984), the
decline corresponding to a growth reduction and an increase
in the probability of ¯owering from the centre of the tree
towards the periphery. This centrifugal gradient is also
consistent with results found in other tree species (e.g.
Costes et al., 1992; Sabatier and BartheÂleÂmy, 2001) and
with the de®nition of a within-tree `physiological age' of
buds (Gatsuk et al., 1980; BartheÂleÂmy et al., 1997). Our
results con®rmed this concept in apple trees. They showed

TABLE 6. Probability of a bourse bearing fruit, according
to axis type

Cultivar Long Brindle Spur
Cultivar
effect

Year 5 `Braeburn' 0´40a 0´39a 0´15b **
`Fuji' 0´67a 0´71a 0´40b

Year 6 `Braeburn' 0´63a 0´52b 0´17c **
`Fuji' 0´94a 0´65b 0´35c

Within rows, different superscript letters indicate signi®cant differ-
ences according to the Kruskall±Wallis non-parametric test (P < 0´05).
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that the decrease in growth was comparable in magnitude
for all long shoots in the trees, regardless of their position,
and for all GUs of axes. This decrease resulted from a
decrease in the number of metamers per GU, which was
modelled by an exponential function. A similar function
was used for both cultivars, differing solely with regards to
parameter values. The use of an exponential function had
the advantage of providing an easy interpretation of the
biological meaning of the parameter corresponding to the
rate of reduction in metamer emergence over time. The
metamer scale thus appeared to be suitable for modelling the
evolution of vegetative growth. Nevertheless, the GU scale
is preferable, especially when measurement time is a
limiting factor, because measuring the number of metamers
per GU is very time consuming. However, the changes in
GU type along shoots over time was not as easy to model as
the number of metamers, especially in `Braeburn'. Indeed,
the sudden and synchronized decrease in GU types in year 5,
from long GUs to medium and then short GUs, did not
correspond to an easily predictable phenomenon. This could
be due to our quite arbitrary classi®cation into GU types,
and to the class limits which are likely to vary with the
observer.

Although the results of the present study were suitable for
predicting the mean number of metamers per GU, they were
unable to predict the corresponding distributions. Previous
studies have shown that the number of metamers per GU
does not generally follow a normal distribution and
therefore more complex modelling methods are required
(de Reffye et al., 1991a). Models have been developed by
combining two functions that represent the proportion of
GUs that develop a neoformed part and those that do not (de
Reffye et al., 1991b; Costes et al., 1992; Seleznyova et al.,
2002). This modelling approach is not an example but
presently represents the only solution proposed. It was not
possible to develop a similar approach in the present study
because our focus on the very detailed description of a small
number of trees meant that some GU positions were weakly
represented.

As far as branching was concerned, quantitative and
simple relationships were found between the number of
nodes and the number and type of axillary shoots. Again, the
relationshipsÐlinear regressionsÐwere similar for both
cultivars and for the different shoot positions. The slopes of
the regressions differed between cultivars, i.e. cultivars
differed in the number of nodes bearing an axillary shoot. In
`Braeburn', more axillary buds developed but most of the
axillary shoots remained short. In both cultivars the
development of axillary shoots was equivalent to or less
than that of its bearer (when a reiteration process is ignored).
As previously with the number of metamers, modelling
could have been developed further, especially accounting
for the distribution of axillary shoot types according to node
rank, as previous carried out on 1-year-old apple tree trunks
(GueÂdon et al., 2001; Costes and GueÂdon, 2002) and on
peach trees, according to three different GU types (Fournier
et al., 1998).

Spur death is also an important architectural feature that
can be predicted using a simple model. The probability of
spur death was estimated using an exponential function, the

parameters of which differed between the cultivars and
depended on the type of bearing shoot. Spurs had a shorter
functional life when borne on brindles compared with those
borne on long shoots. This result complements previous
studies that took account of spur age but not bearing-shoot
type (e.g. Robinson et al., 1983; Lauri et al., 1997). Spurs
were also functional for a shorter time in `Fuji' than in
`Braeburn'. This difference could result from a lower leaf
area per spur in `Fuji' compared with that in `Braeburn', as
demonstrated by Lauri and Kelner (2001).

Flowering probability cannot be predicted as easily as
vegetative growth. Indeed, the alternating bearing pattern
cannot be modelled on the basis of individual shoot position.
Irregular bearing of `Fuji' is consistent with previous
descriptions (Ferree and Schmid, 2000). In addition, the
atypical behaviour of `Fuji' regarding the simultaneous
occurrence of irregular bearing, with a high extinction of
spurs and low number of developing axillary shoots, has
already been reported by Lauri et al. (1997), and was
interpreted as being the result of delayed axillary bud
development. This was not observed in the present study,
probably because the trees were relatively young.

Despite the dif®culty in predicting ¯owering probability,
new features were highlighted regarding the within-tree
¯owering occurrences. For both cultivars, newly developed
long shoots had a lower ¯owering ability than the older
shoots. This was consistent with the ageing of meristems, as
described by previous authors (Gatsuk, 1980; BartheÂleÂmy
et al., 1997; Meilan, 1997). In `Braeburn', the ¯owering
probability of 1-year-old long shoots decreased with tree
age (Fig. 9); older shoots and spurs had similar probabilities
of ¯owering. This shows that ¯owering probability depends
on both shoot and tree age. This simple relationship was not
observed in `Fuji', and a more complex function is needed
to predict ¯owering probability, which takes into account
both shoot and tree age, as well as the previous year's fruit
load. Indeed, `Fuji' had a slower entrance into productivity
as shown by the progressive increase in ¯owering probabil-
ity. Because ¯owering was synchronized on all axes,
irrespective of their type, age and position, a drastic
decrease occurred simultaneously in all shoots, except the
oldest, in the year following the ®rst high yield.

By contrast, fruit number can be easily predicted from the
number of bourses that develop in the whole tree or in
branching systems. These predictions were equivalent to
that performed on the basis of trunk cross-sectional area
(Forshey and Elfving, 1979; Robinson and Lakso, 1991).
However, such linear regressions cannot predict the within-
tree fruit position or the bearing-shoot type, both of which
are involved in determining ®nal fruit size and colour
(Farhoomand et al., 1977; Tustin et al., 1988). Within-tree
fruit positions can be predicted for both cultivars, by taking
account of the differences in the fruit sets of the different
shoot types. In `Braeburn', this prediction can be quite
precise owing to the relative homogeneity of fruit set on the
different shoot types (Fig. 8), whereas it is less precise in
`Fuji'. In both cultivars, the increase in fruit set observed
with shoot age is consistent with previous reports, especially
regarding spur ageing (Robbie and Atkinson, 1994).

102 Costes et al. Ð Architectural Development of Apple Trees



Finally, our results provide a knowledge database that
could be used to develop simulations of apple tree
architecture, in particular regarding the topological aspects
of architectural development. From a simulation point of
view, tree growth is most often viewed as a collection of
similar and repeated organs (White, 1979; Porter, 1983).
These concepts of repetition and similarity constitute the
basis of the models which were ®rst able to simulate plant
structure development (Prusinkiewicz and Lindenmayer,
1990; de Reffye et al., 1991a; Fisher, 1992). Our results
showed that for most, but not all, of the studied events, axes
can be considered as equivalent in their behaviour, in
particular if they are sampled according to their age.
However, the synchronism of events at the tree scale (such
as the synchronized increase in ¯owering probability in
`Fuji' axes and the synchronized decrease in vegetative
growth in `Braeburn' axes) and differences in shoot
behaviour that depend on the architectural position of the
shoot do not argue in favour of strict equivalence between
shoots belonging to a given shoot type. Results support the
concept of a physiological age for meristems that changes
with tree age and within-tree position, and suggest that
positional information has to be taken into account in
simulations (Blaise et al., 1998; Prusinkiewicz et al., 2001).
Further quantitative investigations of within-tree shoot
similarities are thus required. Methods developed recently
for comparing tree topology could be convenient in this
regard (Ferraro and Godin, 2000). In addition, our results
could be compared with structure±function model outputs
(for recent reviews, see Lacointe, 2000; Sievanen et al.,
2000). In particular, this class of models could be used to
test whether synchronism between axes and alternating
bearing behaviour results from between-organ competition.
The comparison between two cultivars showed that the
nature and intensity of competition between and within
developing shoots can depend on the genotype and the type
of process considered, i.e. vegetative growth or ¯owering.
Accounting for genotypic differences in architectural
simulations could thus help to explain the apparently
contradictory behaviour that has been reported regarding
the biennial bearing in different apple cultivars (Jonkers,
1979).
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